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Abstract
In many fields of Civil Engineering Finite Element Analysis (FEA) is widely used at the design stage. In case of railway trackbed 
design we can take into account various geotechnical and structural problems. In many countries the resilient modulus is used as 
a key parameter for evaluation of design correctness. Knowledge of the module itself does not prove the correctness, because for 
example it does not account slope stability. These phenomena, which are crucial to the subgrade behavior, can be described using 
FEM models. This article presents a simplified numerical model of railway trackbed layered structure. The stress and strain fields 
were analyzed and compared with estimation using available empirical formulae.
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1. Regulations for the design of railway trackbed in Poland
In Poland, a key piece of legislation for the design and construction of railway infrastructure adapted to 
the maximum speed of rail vehicles of 200 km/h is the Ordinance of the Minister of Transport and Maritime 
Economy "On technical conditions to be met by railway structures and their location" [1].
Some requirements and limit parameters have been defined more strictly in this document than in European
specifications and standards. This is due to the fact that the Ordinance [1] was introduced in 1998, when did not exist 
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polish counterparts PN-EN to European Standards, as well as "The Technical Specifications for Interoperability" -
including Subsystem "Infrastructure" [10].
According to the Ordinance [1]: geometric layout of the railway line, construction standards, traffic control and 
communication devices shall correspond to the categories of railway lines, which operational parameters are given in 
Table 1.
Tab. 1. Operational parameters of railway lines [1]
Categories of railway lines Load carriageT [Tg/year]
Max. speed
Vmax [km/h]
Max. speed of 
freight trains 
Vt [km/h]
Permissible axle 
loads 
P [kN]
Superior main railway 7 9PD[ 9PD[ 3
Primary railway 7 80 9PD[ 9PD[ 3
Secondary railway 7 9PD[ 9PD[ 7
Local railway T < 3 Vmax < 60 Vmax < 50 P < 200
The Ordinance [1] impose a requirement that the strength of railway trackbed was so made that the minimum 
values of the resilient modulus of railway trackbed measured on the trackway, depending on the category of the 
railway line, were not lower than those given in Table 2.
Tab. 2. The minimum values of the resilient modulus of railway trackbed measured on the trackway for new and modernized 
railway lines [1]
Railway line's category The resilient modulus of railway trackbedE0 [MPa]
Superior main railway 120
Primary railway 100
Secondary railway 80
Local railway 60
Requirements for the minimum values of resilient modulus of railway trackbed specified in the Ordinance [1] 
were not fully compatible with the requirements set out in the document of lower rank - "Id-3 Technical terms of 
maintaining the railway trackbed" [9] applicable to the entire rail network of the national infrastructure manager -
PKP Polskie Linie Kolejowe. It covers the railway trackbed on standard gauge railways for public use, ballast track 
system (rails, sleepers and ballast) at speeds up to 250 km/h for passenger trains and 120 km/h for freight trains and 
rolling stock axle of not more than 221 kN (22.5 t), with admission on the line for 5% of traffic with rolling stock 
axle up to 245 kN (25 t). Table 3 presents the requirements for the minimum values of resilient modulus of railway 
trackbed specified in the instruction [9], which better correspond to the actual loads from railway vehicles as it take 
into account the speed and intensity of traffic.
Tab. 3. Minimum values of the resilient modulus of railway trackbed measured on a trackway [9] Symbols: values without 
brackets refer to newly built or modernized railway trackbed ZLWK9PD[NPKYDOXHVLQEUDFNHWVDUHIRUWKHrailway 
trackbed on operated lines - as an assessment of the need to strengthen or repair.
Max. speed
Vmax [km/h]
Intensity of traffic T [Tg/year]
7 7 7 T < 3
9PD[ 120 (80) 120 (80) 120 (80) 110 (70)
9PD[ 120 (80) 120 (70) 110 (60) 100 (55)
9PD[ 120 (70) 110 (60) 100 (50) 90 (45)
9PD[ 110 (60) 100 (55) 90 (45) 80 (40)
9PD[ 100 (50) 90 (45) 80 (40) 80 (40)
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In addition, in the Ordinance [1] were given the normal track sections on the straight and curves, an example of 
the double-track main railway line on the straight is shown in Fig. 1.
Fig. 1. Normal section of double-track main railway line on the straight [1].
As part of the amendment of the Ordinance [2] in 2014 the last column of Table 1 relating to limit values for 
pressure from the axis of vehicles was deleted, because given limits and their bands were incompatible with the 
classification of loads of rolling stocks given in the PN-EN 15528 [3] and load models from design standards in the 
PN-EN 1991-2 [4], and derived originally from UIC 700 and 702 [7, 8]. In legislation's deregulation the design of 
railway trackbed to the application of existing norms in Poland was implemented. Also arbitrary rules, such as 
minimum resilient modulus values measured on a railway trackbed and predetermined normal sections were 
abrogated. At present resilient modulus of railway trackbed is only one of many parameters to be met and it is not 
determinative parameter to e.g. stability of railway trackbed. Issues of load capacity and stability of earth structures 
are defined in Eurocode 7 [5, 6]. Existing until recently by the Ordinance [1] the imposition of only one normal 
section was wrong, because in practice it often led to performing dangerous extensions of earthworks causing 
landslides, as the cost of building a fully dilated earth is unreasonably high in relation to the costs of a typical 
renovation or revitalization of the railway line. As part of the amendment of the Ordinance [2] records of typical 
cross-sections normal were also removed, because these solutions should be optimally adapted to existing conditions 
- like e.g. built-up area, mountainous terrain, etc. Line manager can define their own normal sections, appropriately
to the existing conditions.
According to the amendment of the Ordinance [2], in order to check the bearing capacity of existing railway 
structures models of operating loads, compatible with  PN-EN 15528 [3], should be used. 
At present, earthworks design rules are specified:
x in the selection of models loads Eurocode 1 PN- EN 1991-2 [4];
x in the rules for computing Eurocode 7 EN 1997-1: 2008 / NA: 2011 [5], including taking into account the 
reliability of the geotechnical surveys - Eurocode 7 EN 1997-2: 2009 [6].
Currently in case of  design railway structures the load models 71 and SW/0 (for continuous bridges) shown in 
Fig. 2., in accordance with PN- EN 1991-2 [4], should be used, with the following minimum values of coefficients 
grading loads:
x superior main  and primary category railway lines: Į = 1.21;
x secondary category railway lines: Į = 1.10.
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Fig. 2. Load Model 71 (higher) and Load Model SW/0 (lower) [8].
The old version of the Ordinance [1] did not commanded to take into account the load model 71 in the procedure 
of design in terms of bearing capacity and stability of railway trackbed, which was one of the reasons for introducing 
his amendment [2]. In addition Technical Specifications for Interoperability Subsystem "Infrastructure" [10] (point 
4.2.7.2) require to adopt in the design equivalent vertical loading for new earthworks taking into account the vertical 
load arising under the load model 71. The equivalent vertical loads must be multiplied by the factor alpha (¢)
defined in the standard EN 1991-2 [4].
In contrast, the bearing capacity of existing bridges and earthworks to traffic loads in accordance with paragraph 
4.2.7.4 and the corresponding minimum load requirements of railway structures are set out in Annex E, which is 
based on the PN-EN 15528 [3]. These values represent the minimum level of bearing capacity that structures must 
carry out in for the line to be able declared interoperable.
2. Finite Element Analysis FEA
The new regulation provides the designer more flexibility in shaping the earthworks structures. Thus, it is related 
to the increasing importance of trackbed resistance and stability analysis methods. In many cases, use of the above 
design methods may help to prevent significant costs related to excessive material consumption or land occupancy. 
The rest of the work will present the simplified FEM analysis illustrating how much may be the safety margin of 
typical solution in relation to specific requirements.
The analysis consists of determining the stress, strain and displacement states of the railway trackbed. In order to 
obtain an approximate solution of the problem  the Finite Element Method was used. Material data was assumed on 
the basis of Technical terms of maintaining the railway trackbed [9] (see Table 4).
Tab 4. Material parameters [9]
Layer Material Thickness  [cm] E [MPa] Ȟ
concrete sleeper (SB-type) concrete 20 35000 0,23
ballast layer broken limestone 35 300 0,2
protection layer gravel sand 50 150 0,2
Embankment lime stabilized soil 50 60 0,3
Soil compacted cohesive soil 265 35 0,3
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2.1. Numerical model
The embankment was modeled in the ABAQUS program. Some simplification of the geometry was applied (e. g.  
lower layer's slopes providing drainage were omitted). These changes has no effect on the calculated stress and 
strain states. On the other hand, as a result of such a treatment, it was possible to use the symmetry condition what 
allows for modeling only half of the embankment. The loading conditions are assumed based on railway line's 
category (see Table 5).
            Tab 5. Loading conditions based on [2, 11]
Categories of railway lines Superior main railway (vmax = 200 km/h )
Technical class of trackbed class 0, variant “0.1”
Load class D4
The axle load 22,5 [t]
The load per 1m 8 [t/m]
The abovementioned conditions provides further estimation:
2
8000 9.81 1.21 37.27 37300
2.6
kNq Pa
m
   # (1)
Where a=1.21 is an adjustment factor of load model [2, 4]. The geometry, the boundary conditions and the load 
are shown in Fig. 3. The grid of finite elements is presented in Fig. 4. The applied element type is CPE8R.
Fig. 3. Model – symmetry, boundary conditions and load presented.
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Fig. 4. FEM model and finite element grid.
2.2. Calculation results
The analysis provided the displacement, strain and stress states of the structure. Figure 5 shows example contour 
plot of the results.
Fig. 5. The largest displacement as a result of railway traffic load occurs in the axis of the sleeper.
The behavior of the trackbed in service conditions depends both on its quality and forces imposed to it. As a 
result of the stresses operating on the trackbed the elastic and permanent deformations are supposed to occur.  By 
differentiating the elastic displacement of the embankment at different levels of trackbed, one can get the 
deformation state, which represents the vertical elastic subgrade settlement under operational loads [12]. The dotted 
line is plotted through the lowermost points of gradients isolines. This line indicates the places of the largest soil 
displacements under operational load. It is the most probable slipping plane of the deformed slope (see Fig. 6).
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Fig. 6. The gradients of the elastic ground settlement under operational loads  (x10-6 ) [12].
The allowable stress in the limestone ballast layer is 450 kPa, while the maximum calculated vertical stress for 
the ballast layer in modeled embankment is 25 kPa (Fig. 7).
Fig. 7. Contour plot of vertical stress state [Pa].
From the obtained results it can be concluded that typical solutions are significantly oversized. However, many 
factors affect on the behavior of the structure. Furthermore, the structures should be designed not only for safety 
reasons but also by taking into account the serviceability conditions and the maintenance costs.
3. Conclusions
The recent changes of the regulatory requirements for trackbeds are significant amendments. They improve the 
consistency and clarity of regulations and offer more opportunities for the application of various design solutions.
The use of individual solutions requires a more precise design methods. These methods in comparison to the 
previously wide used modulus as a key parameter allow to more accurate taking into account the existing soil and 
water conditions, the material characteristics and different types of the loads.
The result of this approach is a considerable saving by using optimal solutions. The analysis provided for one of 
the design criteria demonstrated that the stresses generated in the typical construction may significantly lower than 
acceptable limit.
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